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Introduction 
Styrylindolium dyes (e.g. 1-5, Figure 1) are a common class of merocyanine, 
widely used in sensing and imaging and frequently encountered as the 
coloured, ionic isomer of a spiropyran-merocyanine pair.1–6 Styrylindolium 
cations possess extended π-conjugation and hence display visible 
absorbance (~400 nm) and fluorescence emission (~600 nm),7 and their 
central conjugated iminium ion is a competent electrophile. Nucleophilic attack 
upon this π-system will inherently alter its optical properties, therefore 
styrylindolium species are employed as colourimetric and fluorimetric 
receptors for nucleophilic analytes. In this role, the styrylindolium core has 
been exploited as the reactive component within sensors for biologically and 
environmentally important nucleophiles such as cyanide,8–20 sulfide,21–25 
bisulfite,26–28 fluoride20 and sulfur-containing amino acids,29–31 and this 
approach has been successfully validated in live cells18,21,24,27,28,31 and in 
specific organelles.22 FRET-based ratiometric probes (e.g. 3,23 415 and 526) 
have been developed through conjugation of styrylindolium cations to 
complementary fluorophores, and novel hybrid materials have incorporated 
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Figure 1 – Styrylindolium-based sensors used for nucleophilic analytes 
(respective analytes in parentheses) 
 
As alluded to above, nucleophilic attack upon the dye structure results in 
modification of its chromophore, hence providing a quantifiable output; 
therefore, it is important that all interactions between dye and nucleophile are 
well characterised such that sensor behaviour can be fully understood. 
Nucleophilic addition to the styrylindolium core commonly occurs by 1,2- or 
1,4-attack on the unsaturated iminium ion; or, alternatively, the presence of 
conjugated electron withdrawing substituents on the styryl ring can promote 
attack at the opposite end of the alkene (Scheme 1).30 An extra layer of 
complexity can also be encountered through reduction of susceptible 
functional groups by analytes such as sulfide32 and the formation of 
















Scheme 1 – Potential reaction pathways for a nucleophile with a 
nitrosubstituted styrylindolium cation  
 
Given these numerous, potentially competitive reaction pathways and the 
structural complexity of many styrylindolium-based sensors, full mechanistic 
characterisation of sensor–nucleophile interactions is challenging. Although 
several publications exhibit admirably comprehensive analysis,10,20,24 this is by 
no means general or indeed possible in every case. Furthermore, compounds 
such as 1 and 2 have been claimed as highly selective probes for several 
different, apparently competitive analytes under similar conditions, and it is 
apparent that clarity would benefit this field significantly.  
 
In order to untangle this somewhat confused picture, the aim of this study was 
to assess the reactivity of simple styrylindolium dyes towards a range of 
relevant nucleophiles, hence providing a basis upon which to understand the 
behaviour of more complex styrylindolium systems. This work does not 
present encyclopaedic coverage; rather, we have selected model indolium 
structures and analytes to represent what is commonly present in practice and 
to provide a clear view of the stereoelectronic effects which govern 
nucleophilic addition. The styrylindolium substituents and substituent patterns 
were chosen to cover both electron withdrawing (inductive and mesomeric) 
and donating substituents, both in and out of conjugation with the iminium ion 
and with their electronic effects opposed; and a further example which mirrors 
the substituent pattern of the common spiropyran-merocyanine nitrobips 1 but 
lacks the complexity presented by this compound’s spiro-mero isomerism 
(Scheme 2). The nucleophiles included in this study encompass common 
analytes for styrylindolium cations (–CN, –SH), and methanethiolate was 
employed as a simple model nucleophile for sulfur-based analytes (e.g. thiol-
containing amino acids). It is envisaged that the trends in reactivity that are 
identified herein will inform the future design of styrylindolium-based sensors. 
 
Results and Discussion  
Synthesis of styrylindolium iodides 7a-g was achieved through condensation 
of 1,2,3,3-tetramethylindolium iodide (6) with appropriate benzaldehydes 
(Scheme 2). Whilst published methods offer a variety of conditions with which 
to promote such reactions,34–40 the protocol of Metsov, Dudev and Koleva, 
employing refluxing acetic acid, proved to be the most straightforward and 
effective for all substrates.34 Using these conditions, iodides 7a-g were 
obtained in varied yield. 
 
 
Scheme 2 – Synthesis of styrylindolium iodides 7a-g 
 
With styrylindolium salts 7a-g in hand, we exposed each salt to tetrabutyl 
ammonium cyanide, sodium sulfide and sodium methanethiolate, and 
carefully analysed the products of each reaction. Primarily, this analysis 
employed NMR techniques (1H, 13C, COSY, HSQC, HMBC and NOESY) 
which enabled connectivity between the nucleophile and its specific site of 
attachment to the substrate to be established. ESI mass spectrometry and 
UV-vis spectroscopy were employed as necessary to provide clarification 
where NMR analysis proved ambiguous (e.g. in identification of nitro to amine 
reduction.) 
Reactions between styrylindolium cations and cyanide, sulfide or thiolate are 
often rapid (<1 min) at room temperature and occur readily in non-degassed, 
non-dried solvents under a non-inert atmosphere. Given the robust nature of 
these reactions, and with the use of NMR as our primary analytical tool, 
reactions were conducted in DMSO-d6, using standard NMR tubes as reaction 
vessels. In order to deconvolute the products of competing reaction pathways, 
and to appreciate the relative rates of these processes, nucleophiles were 
added in 0.5 eq. increments (up to 5 eq. total), with spectroscopic analysis 
taking place following each addition.  
 
To illustrate this approach, Figures 2 and 3 demonstrate the key spectra used 
to elucidate the products of the reactions between 4-bromo salt 7c and −CN, 
−SMe and −SH. Reaction of cyanide with 7c proceeded with near-
exclusive1,2-attack upon the iminium ion to give adduct 8c. 1H NMR 
illustrates loss of the deshielding influence of the positively charged nitrogen 
atom with general upfield shifts of the unsaturated protons and a 1.5 ppm 
upfield shift of the NMe group (Figure 2a), and this is consistent with 
published results in related compounds.8,15 1,4-Addition can be discounted 
given that the trans-alkene remains intact (16.5 Hz in 7c; 16.1 Hz in 8c) and 
that no new aliphatic protons can be identified. Critically, HMBC analysis 
(Figure 2b) allows connectivity between the cyanide carbon atom and alkene 
proton to be established (as the sole correlation for CN), unambiguously 
identifying the site of nucleophilic addition. 
In contrast, methanethiolate addition to 7c, whilst also a relatively clean 
process, proceeded by 1,4 attack upon the styrylindolium electrophile to 
produce adduct 9c as a 7:3 mixture of E and Z isomers. As with cyanide 
addition, loss of the iminium ion is accompanied by a general upfield migration 
of proton resonances. Adduct 9c contains adjacent methine and enamine 
protons and these produce a prominent AB pattern between 4 and 5 ppm (E-
9c, J = 11.2 Hz; Z-9c, J = 10.2 Hz). Attachment of the SMe group to the 
methine carbon is evident through HMBC analysis, wherein correlation 
between the SMe protons and the methine C atom can be identified (Figure 
2b), and E / Z configurations have been determined by identification of 
through-space interactions between the alkene proton and NCH3 (E-isomer) 
or C(CH3)2 (Z-isomer)(see ESI). Given the absence of published data to 
compare with these somewhat complex NMR spectra (1H NMR spectra have 
been published documenting apparent 1,4-addition of bisulfite to 
styrylindolium species [26], but these do not correspond closely to our 
observations), we further confirmed the identity of 9c through ESI mass 
spectrometry: parent ions M+ were observed at m/z = 387/389 (reflecting 
bromine isotopes) and fragments corresponding to loss of SMe were apparent 
(m/z = 340/342)(Figure 3, top). 
In contrast, sulfide addition to 7c was not a clear-cut process and this was 
reflected by its complex 1H NMR spectrum, consisting of at least 4 major 
components (Figure 2a). Despite this confused picture, the spectrum does 
contain methine / enamine peaks characteristic of 1,4-addition (comparable 
with those of 9c) and given the absence of any reducible functional groups, 
the complete consumption of starting material and the lack of trans alkene 
protons, 1,4 attack followed by polysulfide formation may provide a plausible 
explanation (1,4-addition–protonation–1,2-addition may provide an additional 
pathway though this is disfavoured under basic conditions). The 
corresponding mass spectrum of this reaction mixture was surprisingly clear, 
with m/z = 340/342 and 262 suggesting loss of SH then subsequent loss of Br 
(Figure 3, bottom). The absence of heavier ions perhaps reflects the instability 
of polysulfide species in electrospray ionisation. 
 
 Figure 2 – Reactions of 4-bromostyrylinolium iodide 7c with nucleophiles (3 
eq.) in DMSO-d6 (a) 1H NMR spectra, top to bottom: 7c; 7c + (Bu4N)CN; 7c + 
NaSMe; 7c + Na2S·9H2O. (b) HMBC spectra showing key correlations for 
(top) cyanide and (bottom) methanethiolate addition. 
  
 
Figure 3 – Reactions of 4-bromostyrylinolium iodide 7c with nucleophiles (3 
eq.) in DMSO-d6. Mass spectra for (top) methanethiolate and (bottom) sulfide 
addition.
 Similar analyses were applied to styrylindolium iodides 7a-g, the results of 
which are summarised in Scheme 3 and Table 1, and all relevant spectra are 
available in supporting information. In brief, cyanide reacted very cleanly with 
all seven styrylindolium iodides to give the products of 1,2-addition, 8a-g; 
methanethiolate reacted in general by clean 1,4-addition to give adducts 9a-e 
as mixtures of E and Z alkenes; whereas sulfide displayed a tendency to give 
complex mixtures of products, in which initial 1,4-addition was succeeded by 
presumed polysulfide formation. For compounds 7d and e (entries 4 and 5), 
addition of excess sulfide resulted in reduction of aromatic nitro groups to 
anilines 10h and i (as evidenced by mass spectrometry) and similar but 
slower reduction was observed with excess methanethiolate to give the 



















a; R1 = R2 = R3 = H
b; R1 = R2 = H, R3 = OMe
c; R1 = R2 = H, R3 = Br
d; R1 = OMe, R2 = NO2, R
3 = H
e; R1 = R3 = H, R2 = NO2
f; R1 = R2 = H, R3 = NO2
g; R1 = OMe, R2 = H, R3 = NO2
h; R1 = R3 = H, R2 = NH2













Scheme 3 – Reactions of styrylindolium salts 7 with cyanide, methanethiolate 
and sulfide 
 
Table 1 – Summary of major reaction pathways and products from reaction of 
























4 7d 1,2-addition (8d) 1,4-addition (9d) 
and reduction (9i; 
1,4-addition (10d) 
reduction (10i) 
Z:E 9:91) and 
polysulfidation 
5 7e 1,2-addition (8e) 1,4-addition (9e; 






6 7f 1,2-addition (8f) 1,8-addition (11a) 1,8-addition (11b) 
7 7g 1,2-addition (8g) 1,8-addition (11c)  Unclear 
 
The distribution of electron density in styrylindolium species is complex, 
though, as a general trend, electron-releasing styryl substituents favour 
polymethine-type structures with greater conjugation and bond equalisation, 
whereas electron-withdrawing substituents confer greater polyene 
character.7,34 In light of this, it is perhaps surprising that little difference in 
reactivity was noted across the styrylindolium substrates included in this 
study. We explain the observed regioselectivity on the basis of standard 
hard/soft interactions, wherein attack on the charged iminium ion is favoured 
by harder nucleophiles and conjugate addition to the alkene is favoured by 
softer nucleophiles. It is important to note that although cyanide attack occurs 
at the iminium ion, it is not a classical hard nucleophile (HCN: pKa = 9.2; H2O: 
pKa = 14.0; H2S = 7; chemical hardness (eV), −CN: η = 5.3; −OH: η = 5.6; −SH: 
η = 4.1),41 hence the conjugate addition pathway is accessible only to 
particularly soft nucleophiles.  We saw no evidence of nucleophilic addition to 
the α-carbon of the iminium ion (contrary to that reported by Li et al)30 and, 
regardless of the electronics of the styrylindolium ion and the regioselectivity 
of addition, nucleophilic attack was always rapid and would always consume 
the substrate. 
 
A fascinating and potentially important result was observed in an exception to 
this general pattern of reactivity. Addition of excess sodium methanethiolate to 
p-nitro compound 7f resulted in rapid formation of a dark purple solution (1,2- 
and 1,4-addition cause merocyanine decolourisation by breaking extended 
conjugation) and analysis of this solution by 1H NMR showed a clean 
spectrum corresponding to the presumed product of 1,8-addition, (E)-11a, as 
a single geometric isomer (Scheme 4). Given the scarcity of examples of 1,8-
addition generally42,43 and the absence of examples within merocyanine 
chemistry, we undertook careful and thorough analysis to confirm this 
structure. Data from mass spectrometry supported the identity of 11a as an 
adduct of mono-SMe addition (m/z = 354 (M+)). Key evidence for 11a was 
apparent in its 1H NMR spectrum: general upfield migration of resonances 
implied loss of the deshielding indolium cation; disruption of the trans-alkene 
(3JAB = 16.5 Hz in 7f; 13.2 Hz in 11a) and the absence of new aliphatic proton 
resonances are inconsistent with 1,2- and 1,4-addition respectively; and 
appearance of two AB patterns (6.95/6.56 ppm: 9.9 Hz; 6.70/6.17 ppm; 10.1 
Hz) implies formation of two cis-alkenes (Figures 4a and 4b). Through-bond 
and through-space correlations, identified by COSY/HMBC and NOESY 
experiments, supported the proposed structure in general and crucially 
enabled the connectivity between the SCH3 group and the main framework to 
be established (Figure 4c). The reactivity of 7f with sulfide was similar to that 
observed with methanethiolate; however, in this case, initial 1,4-addition 
preceded equilibration (<1 h) to the 1,8-adduct (E)-11b in near-exclusivity. We 
found no evidence for nitro group reduction of 11a or 11b, and this is 
consistent with structures possessing aliphatic nitro groups, given that such 
nitro groups are considerably less reactive towards sulfide reduction than 
nitrobenzene derivatives.44  
Analogous 1,8-addition of methanethiolate to 2-methoxy-4-nitro compound 7g 
gave (E,E)-11c as a single geometric isomer (Scheme 4), demonstrating that 
4-nitrostyrylindolium salts will undergo 1,8-addition with methanethiolate as 
their principal mechanism regardless of apparently opposing electronic 
effects. On the other hand, in the corresponding reaction of 7g and sulfide, 
the dominance of the 1,8-addition pathway was blunted by the electron-
donating character of the methoxy substituent; in this case, initial 1,4-addition 




Scheme 4 – Reaction of p-nitrostyrylindolium salts 7f and g with 
methanethiolate and sulfide

Figure 4 – 1,8-Addition of methanethiolate to 4-nitrostyrylindolium iodide 7f. 
(a) and (b): Expansion of aromatic region of 1H NMR spectrum for 7f and for 
7f + NaSMe (3 eq.) (c) NOESY spectrum for 7f + NaSMe, illustrating key 
correlations between SMe and 2′/6′ protons.  
 
The extended conjugation of 11a and 11b is consistent with their intense 
colouration and, given the application of styrylindolium dyes in sensing, the 
optical properties of 7f were quantified by UV-visible spectroscopy (Figure 5a) 
and fluorescence spectroscopy. Merocyanine 7f in DMSO solution appears 
yellow and correspondingly displays a strong absorbance at 390 nm (Figure 
5a; blue line). Following addition of NaSMe, this band is rapidly eroded, with 
concomitant appearance of a red-shifted absorbance at 550 nm consistent 
with formation of 11a (yellow line). A similar effect was observed following the 
addition of sulfide to 7f, reflecting the formation of 1,8-adduct 11b (orange 
line). For comparison, analogous analyses followed the reactions of 7f with 
cyanide (Figure 5a, green line), and p-methoxystyryl derivative 7b with 
cyanide, methanethiolate and sulfide (Figure 5b). In each case, products 
displayed blue-shifted absorbance maxima, implying loss of extended 
conjugation, consistent with formation of 1,2- and 1,4-adducts 8f, 8b, 9b and 
10b respectively. Analysis of 1,8-adduct 11a in DMSO solution by 
fluorescence spectroscopy indicated that this compound does not exhibit 
fluorescence emission. Correspondingly, this 1,8-addition pathway may be 
exploited within FRET-based sensors, analogous to those employing 
alternative nucleophilic addition mechanisms to styrylindolium cations (see 




Figure 5 – UV-visible absorbance spectra illustrating addition of nucleophiles 
to p-nitrostyrylindolium salt 7f (Figure 5a) and p-methoxystyrylindolium salt 7b 
(figure 5b). Blue line = 7b/7f (0.0498 mM in DMSO); green line = 7b/7f + 
Bu4NCN (10 eq.); yellow line = 7b/7f + NaSMe (10 eq.); orange line = 7b/7f + 
Na2S·9H2O (10 eq.). 
 
At first sight, the proposed 1,8-addition seems somewhat implausible given its 
inherent disruption of styryl aromaticity and the availability of a competing 
“normal” 1,4-addition pathway lacking such an energetic penalty. With respect 
to the former point, we surmise that given the documented reduced aromatic 
character of 4-nitrostyrylindolium salts,7,34 the barrier to disruption of 
aromaticity is lowered and this, in combination with the localised effect of the 
nitro group, serves to lower the ζ-carbon LUMO energy to favour 1,8-attack. In 
terms of the latter consideration, the α,β-unsaturated iminium ion of 7f is 
conjugated to the styryl nitro group and hence the energy of the β-carbon 
LUMO is raised, disfavouring 1,4-addition. To understand these mechanistic 
considerations in greater depth, and to explore the influence of substituents 
upon styrylindolium electronic configuration, density functional theory (DFT) 
was used.  The APFD functional and 6-311+G(2d,p) basis set, plus SMD 
“universal” modelling for solvation in DMSO, were implemented using 
Gaussian 16 computational software,45 to calculate the LUMO of the energy-
optimised structure for both the 4-methoxy- and 4-nitrostyrylindolium 
cations 7b and 7f, respectively (Figure 6).  In the case of 7b, the largest 
calculated LUMO coefficients are consistent with the experimentally observed 
1,2- and 1,4-nucleophilic addition exhibited by this compound (Figure 6a). A 
contrasting picture is predicted for 7f, however, with the LUMO coefficients 
associated with the sites of 1,2-, 1,4- and 1,8-addition being of similar 
magnitude (Figure 6b).  Therefore, although the regioselectivity of nucleophilic 
addition to 7f is unlikely to be clear-cut, 1,8-addition is certainly plausible. This 
is consistent with the empirically observed reactivity of 7f towards sulfur-
centred nucleophiles, wherein 1,8-addition predominates and 1,4-addition is 
evident as a competing process. 
 
Figure 6 – Optimised structures and visualisations of the LUMO for (a) 7b and 




The aims of this study were to clarify a somewhat confused facet of sensing 
science and to provide a foundation for the future design of styrylindolium 
sensors based on empirical observations. Consequently, spectroscopic 
analysis of reactions between simple model styrylindolium salts and common 
nucleophilic analytes was conducted, and this enabled patterns of reactivity to 
be identified which may inform appropriate use and design of this class of 
sensor molecule. In brief: cyanide undergoes 1,2-addition to the styrylindolium 
iminium ion; sulfur-based nucleophiles follow a 1,4-addition pathway; 
persulfide formation is probable in the presence of excess sulfide; nitro groups 
will be reduced in the presence of excess thiol.  
Assuming that optimal sensor behaviour involves clean, high-yielding 
interaction between sensor and analyte, the inclusion of reducible functional 
groups within sensors for thiols, or for use within reducing environments, is 
questionable. This is particularly germane to spiropyran-based probes (e.g. 1 
and 2, Figure 1), wherein nitro groups are commonly employed to provide 
stabilisation of the merocyanine isomer.46 The evidence presented here 
suggests that such probes will undergo divergent reaction pathways when 
exposed to thiol-based analytes, and that alternative methods of merocyanine 
stabilisation may be appropriate in these cases. 
The key result identified in this study is that p-nitrostyrylindolium salts will 
undergo clean 1,8-addition with sulfur-based nucleophiles, without competitive 
reduction. To the best of my knowledge, 1,8-nucleophilic addition to 
merocyanines is undocumented and the conjugated enamine triene structures 
of 11a-c represent novel chromophores. The unusual reactivity displayed by 
7f and g presents an opportunity to develop a new class of styrylindolium-
based sensor for soft nucleophile analytes. Furthermore, 7f and g react via 
clean, complementary pathways with cyanide on one hand and thiols on the 
other, and this leads to products with very distinct optical characteristics (e.g. 
8f, λ = 306 nm; 11a, λ = 502 nm). Cyanide and sulfide are often competitive 
nucleophiles, or, in the case of many styrylindolium salts, react via different 
mechanisms but produce adducts with optical similarity (e.g. 8b, λ = 270 nm; 
9b, λ = 290 nm, Figure 5b); consequently, the p-nitrostyrylindolium core 
shows ideal characteristics for distinguishing these analytes and may provide 
the basis for dual-mode sensors.47 Finally, the reaction in itself possesses 
synthetic utility, in that such 1,8-additions are rare and the 1,8-adducts are 
unusual, complex structures with potentially interesting reactivity. Exploration 
of the scope of this process beyond the indolium core and with alternative 
nucleophiles and electron-withdrawing groups should reveal some fascinating 
chemistry. 
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